
,,

9

f
I

o

03z
m

NATION~ADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE2170

I

EFFECT OF INITIALMIXTURETEMPERATURE ON FLAME SPEEDS

AND BLOW-OFF LIMITSOF PROPANE -AIRFLAMES
.

ByGordonL.Dugger

LewisFlightPropulsionLaboratory
Cleveland,Ohio

Washington
Au@xi1950

7 -- =-..\

1- >

1:. ‘P. ._,
.-

,. “-?q
:4-. .,4

J, ’, L-
L:- ._ -’

..



TECHLIBRARYKAFB,NM

.
lllIIIIllllllIIullllllll

00b51b&

.

rj

.

.

NATIONALADVTSORYcohlMlm?mFURAEEKNUm!ICS

TINBNICALIK)l?lI2170
●

ANDBulw-oFFmImsoFERaeAME-AIRF!IAMES

ByGordonL.Dug@?

SUMMARY

TheeffeotoftnitiaJ
laminar-flowregionandm
turbulqnt-flowregimswas

mixturetemperatureonflamespeetieh the
blow-offlhnitsinboththelaminar-and
tivestigatedforBunsent~eflamesof

“propaneandair.Flamespeedsweretitaminedatvariousmixture
compositionsateachofseveralte~eraturesfrom@ to650°F
bymeasurhgtheareaoftheBunsenconefromshadowgraphs.

Flamespeedticreasedwithtemperaturefrom1.54feetpersecond
at85°F to5.25feetpersecondat650°l?.Theobservedrelative
effectoftemperatureonflamespeedwasingoodagreementwiththat
predictedbythethermalthearyaspresentedbySemenov}whereasthe
effectpredictedbytheequsre-rootlawofTanfordandPeaseisas
muchas35percentlowerthanexperimentalresults.F3amespeed
wasindependentoftubesizefrom3/8to7/8inchorstream-flow
Reynoldsnumber~from1500to2100.

.Blow-offkit datawereobtainedforthetemperaturerange
90°to650°F. Therelationbetweenmixturecompositiauandvelocity
gmdientatthetubewallatblow-offwasdependentontheinitial
temperature.

INTRuDuoTIom

A Iamwledgeoftheeffectoftemperatureonthenormalburning
velocity>&Ued flamespeedherein>andonthestabilitylimitsof
fuel-airmixturesisnecessarytotheunderstandingofthecom-
bustionprocessandtocertainap@ioatiausofit,fcmexample>
inthefuturedesignofjet-engineconibustors.

Theoriesofflame.propagaticmpredictthatflamespeed
willincreasewith
speedwas foundto

temperatureatanincreasingrate.Flame
bea~pro~%elyproportionaltothe

/
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2 MAOATN2170

squareqftheabsolutetemperatureovertherangefrom.32°,
to1292°F forcity-es-W flames(ref=ence1)=5 titi~ “
Johustcm(reference2)onnatural@s -ah flamesshowa Slight
ticreaseintherateofchangeofflamespeedwithtemperature
from137°to902°F. Sachsse(reference3)reportsanincreasing
rateofchangefcmmethane-oxygenflamesfrom68°to1832°F

Lalthoughhefounda linearrelationbetweenflamespeedand -
peraturefor~opane-oxygenflamesfrom68°to932°F. According
toBreeze(reference4)ta llnearrektionexktsforpropane-air
and.butane-airflamesfl?om68°to392°F.

Stability-1imit dataformixturesatroomtqperalmreare
correlatedbyboundaryvelocitygradient-co7Kp0siti0nplots)eti-
inatingtubediameterasanindependentpammeter$inreferences5
to7..Theeffectofinitialmixturetempemtureanblow-offlimits
isnotincludedinthesereferences.

Theinvesti~tionoftheeffectofinletmixturetempera-e
onflamespeedsandblow-offlimitsreportedhereinwasccaulucted
attheIWOALewislabo~toryaspartofa fmdamentalcodlnls’tixxl
researchpro~. Theinveeti@ionconsistedofa studyofflame
speedandblow-offlimitasfunctionsofmZxhn?ecompositionat
severaldifferenttemperaturesforBunsen@yeflamesofpropaneand
air.A comparisonoftheflame-speeddatawithrelativevalues
predictedbybotha tierkl.and

APP~ m

Theapparatusused@ this

a diffusiontheoryisreported.

INmmmmmoll

fivestigxtionisdiagrammatical.lY
illustratedinfigure1. ‘Thefuelusetwascommel?clalp??opaneWith
a mi.nhmmpuri~ of95percent;theprincipalinQuritiesweree*
andisobutane.Laboratoryserviceah containingapproximately
o.3-percentwaterbyweightwasUseamPropaneandairweresepsrate~
meteredgmixedapreheated~andImrnedabovea verticaltube.

Theburnertubesusedwere5-footlengthsofbrassorstainless-
steeltubinghavinginsidediametersof3/8$5/8$and7/8inch.The
preheatingsectimwasa 5-footlengthof.3/8-inchinside-diameter
stainless-steeltubingC~d8a tothebaseofthe-burnertube.
Boththep%heaterandtheburnertaibewerewrappedwithresistance
wire;theburnerInibewaswmppedtopreventheatlossfromthe
heatedgasestotheburner-tubewall.Thepreheater-bmmerassezibly
wasinsulatedwithmagnesiapipecoverx=A 3-tich~K CO- .
wassolderedtotheHP ofeachburnertubetogivea flathorizontal
lipabovetheinsulation.A Lucitedraftshieldwasplacedaroundthe
Ixlrnerport. 0
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lVACATN2170 3

Thepropaneandaixflowsweremeteredbytwosetsoforitioal-
floworifices(refermce8).Rubyjewelbearingsofappropriate
sizeswereusOdastheorificeplates.Eaohsetoforificescon-
sistedofsix$ewelbearingswithdifferentcwifioediameters
installedinparallelinamanifold.ForeaohOrifioe$whenmeas-
uringtheqpstreampressurewitha 100-lnohmercurymanometer$the
ratioofthehighestavaiMbl.eflowratetothelowestwas2:1;
withsixorificesinparallela 64-foldinoreaseoverthelowest
fk)wrate~S obtained.A flexiblehosewasusedtoconnectthe
downstreamendoftheorificeinusetothendxingsection;the
otherfivecrificeswereoapped.Thecwificeswerecalibratedin
placeusingwettestmeters.

Temperaturesweremeasqredbyiron-mnstantanthermocouples
installedattheinlettoeaohorificemanifoldandattheburner-
tubeinletandportforbothwall.andgastemperatures.Thethermo-
coupleformeasuringthegasteqpemtureattheport was an aspira-
tingcoupleina bolt-actionslidingprobe.

A 25-=ttconcentrated-arclampwasusedasthelightsource
fortheshadow~phsystem}whiohisschemtioallyshownabovethe
lmuzlerportinfigure1.

, lmEm5mL I!RocmuREs

Thedesiredfwlandairflowsweresetbyad$ustingthepres-
~weregulators;thegasmixturewasbrou@ttothedesiredtem-
peratureattheburnerport;andthetubewallwasmaintained‘at
thesametemperaturea20°F byvaryfngtheinputstotheresistance
wires.Whenthedestiedtemperaturewasobtalnedsthetkrmooouple
probewaswithdrawnsadthe.mixturewasignitedattheMrnerport.

l’orflame-speedde~ tions$a shadow~phwasmade>the
flamewasextinguished,andthegas-streamtemperatureatthepot%
andfluu-ratesettingsonthemanometerswerereohecked.Zhdeter-
- a blow-offpoint,themixturewasenriohedenoughtoobtain
i@tionandthenthefuelratereduceduntiltheflame~ustblew
offtheburner.Tqp~tureandflow-ratereadingswerethentaken.

MlmKm8OFCAICUIATION

P’lamespeedsweredeterminedfromtheshadowgraphebythe
total-areamethod,whereintheaveragenormzlflamespeedisequal

*
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tothevolumerateoffluwoftheunburnedmixturedividedbythe
surfaceareaoftheconeformed
face.areaS wasdeteminedby
Mm surfacesof-revolution

s =

where

bytheccmtmstionzone.Thissur- .
theapproximaterelaticmforcone-

!

xllz/11 (1)

A 10@tiM areaofconeasoutlinedbydemar~tionbetween
blackandwhiteinshadow@’aP&(W ft)

z slantheightcmlengthof@ne&tingcurve)(ft)

h heightOfCOIIO/“(ft)

Velocitygradientsatthettibewallforblow-offata given
mixturecompositionwerecomputedbytherelations(tasedonequations
giveninreferences5and7):

II&laudnarflow}Re<2100

q=%

Forturbulentflow}he >3000-

0.040FP
~= Reo.25V

Fortransiticmregions2100<Re<WOO

f $P
%=F

,

.

.

where

d @bediameter,(ft)
●

f frictionfactorestimatedfromcurvegivenbyMcAdams
(reference9>p.118)

g velocityzent attubewdl$(ft/(see)(ft))

.
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Re Reynoldsntmiberofslmamflow
,

ii.averagestreamVelocity$(ft/sec)

IJ streamvisoosity$”(lb/(sec)(ft))

P Stresmdensity, (lb/ft3)

Subscripts:

z lamharflow

T transition regicm

t turbulentflow

REsmu’s

IaminarFlameSpeeds

Thefhme-speeddataobtaZnedwiththe5/8-inchstainless-steel
tubeattwostream-flowReynoldsnmibersof3.500and22,00areplotted
infigure2asflamespeeda@nstpercentagepropsnebyvoluqat
edchofsixtemperatures:85°,200°$300°>400°}500°$and“850°.F.
Eachofthecurvesshowsthemaximumflamespeedfora giventem-
peraturetooccurata mixturecompositionslightlyricherthan
Stoichiometric●

.
Flame-speedmeasurementsbasedontheareaoftheshadowgmph

oftheBuusenconearemorenearlyabsolutevaluesthanmeasurements
baseda theareaofthelumhousflamemnebecausethemeasurements
basedontheareaoftheshadowgraphoftheBuusenconegivegood
agreementwiththevaluesobtainedbythestroboscopically
iu*tOa -particlemethod(reference10).Thevalueof1.54feet
persecondat85°F forpropaneandatrreportedhereinisinagree-
mentwithvaluesof1.49and1.48feetpersecondatroomtemperature
obtainedbytheshadowgraphaudilluminatedparticlemethods$
respectively}(refereqce10).Thedataoffigure2 showthata “
changeinstream-flowReynoldsnuniberfromMOO to2100producsdno
measurableeffectonflamespeed.~e~ dataobtainedwith
3/8-~5/8-$and7/8-inchbrasstubesbyphotographingtheluminous
flameconeshowedthetubediametertohavelittleeffecton~
flambspeed.A fewcomparativevaluesaregivenintableI. By
ooqpariscmoftableIwithcurveAB offigure3,itcanbeseen

.—------- ....-. —.— —— —-. —. —,-. —-- .- .— --— ——--—.———— --- - -- ——.
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thatvaluesofflame
areapproximately20
theshadowcone.

Thefhne-speed

NACAZN2170
.0

speedbasedontheareaoftheluml.noilscone
percentlowerthanthosebasedontheareaof ,

maxhmmsfromthecurvesoffigure2are oen
plottedagainstteqperataetogivecurveAB Infigure3. The ~
flamespeedincreaseswithincreaseintemperatureftmm1.54feet

6persecondat85°F to5.25feetpersecondat650F. Therate
ofincreaseofflamespeedficreaseswithterqmrature.

.

Blow-offlimits

Blow-offlimit dataat90°3300°)450°$and650°F areplotted
aspercentagepropauebyvolumeagainststreamvelocityinfig-
ure4(a).Thesamedataareplottedaspercentagepropaneby~olume
a-t velocitygradientatthetubewallinfigure4(b).The ‘
Conl.position-velocity-gradientplot~vea singlecorrelationline
forblow-offdataobtainedwithdifferenttubediametersatthe
sametemperature,aswasfoundbyotherinvesti~tors(refer-
ences5 to7).Veloc4tygradientatblow-offincreasedwithincreasing
temperature(increasingflamespeed)fcma @vanfuel-alrmixture. ,

. DISCUSSIONOFRESUUIS

Twoproposedmechanismsfortheproqtionofflameare
considered:Oneisbasedpr~ily ontheconduoticmofheatfrom
the‘combustionzoneintotheunburned~sesandtheotherisbased,
onthe.diffusionofaotiveradicalsfromthemibustionzoneInto
theunburnedgases.Bothofthesetheoriesare-used%0Pediottie
relativeeffectoftemperatureonflamespeed.

Ihconsideringa thermiltheory>ithasbeenpointedoutWat
earlyheattheories(forexaq@e~reference11}p.113$andrefer-
ence12),whichassumedthat(a)reactionbeginsattheself-

.ignitiontemperatureandthat(b)thereactionratiisconstant
betweentheself-ignitiontemperatureandtheflametemperature,
areinadequate.Theconceptofignitiontemperaturehasnomeaning
apartfromanautoignitione~eriment,whichrequiresa certain
inductionperiod.Actually$reaotiauratecontinuouslyinmeases
withtemperaturebecauseitisa fmctionof

e= (-E/RT)

where
*

- ,- .——. ------ —-—
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em baseofNapierianlogarithmicsystemraisedtopuwerin
parenthesisfollowinge=

E activationenergy,(Btu/lb-~le)

R universal~s constant,(Btu/(lb-mole)(OR))

T absolutetempemture,(OR)

Semenov(reference12)derivedanap~oximateeqmtionthat
tivolvesonlytheinitialmixturetemperatureflametemperature>
andphysicalpropertiesatthesetemperatures~Ifthecontrolling
stepisa bimolecularreactim,theappropriatefinalequationis

( 4 k)Gi):kx?%’(:t$‘2)~=2%%%@2To2
PoCp

where

%

%

—

nuniberofmoleculesperunitvolumeafcombustiblein
initialmixture

specificheat,(Btu/(lb)(OR))

meanspecificheat)To to Tf,(Btu/(lb)(OR))

diffusioncoefficient,(ft2/see)

constantfromreactian-rateequaticm

molesofreactantspermolesofproductsfromstoichiometric
equaticxl

absolutetemperature,(%)

fkme speed,(ft/see)

thqmalconductivity,(Btu/(ft2)(see)(ft))

densityofmidxre,(lb/f@)

.-. .____ ——. . . ——..-.—.—.—— —..---. — .— ----- ..— .-. —- .—. — ---— .-. .——— -
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subscripts:

f ProP=&atfkmetemperature

o Propertyatinitialtemperature

Equation(2)takesintoaccountthecaseswhere(a)specific
-heatandthermalconductivi~varywithtemperature,(b)thenuuiber
ofmoleculeschangesduringreaction,and(c)thediffusion. coefficientDf doesnotequalthecoefficientoftempenture
Conauctiviw(kj~P)f● Case(c)meansthatalthoughthesumof
therzml.andchemicalenergieswillbethesamefortheover-all
process,thesumoftheenergieswill.varywithinthecombustion

the

zone.Fcmexample,if Df~(h~~P)f,%e thermalenergysupplied
byheatconductionupstreamoftheflamezonewillbelessthanthe
chemicalenergyconductedawaybydWfusion.Thus,diffusionenters
onlyasitaffectstheener~balance.

Byeliminatingfromequation(2)thetermsindependentoftem-
perature,bysubstituting,asapproximate,relationsforthe
temperature-dependentterms,thoserelationsdeterminedforair,and “
byconibiningterms,theequationreducestotheform

(3), “

(Physicalpropertiesforairwereestim9tedfromreference9,pp.391-
41.1andrelatedtotemperatureasfollows:hm TOO~; ~ T0.09

Cp,f ;

~ CCTO*Og;D al~/Pcc!J?”67,wherev isviscosity;P(oT-l;and “

a.mT-l.) Thisreducedfaqnoftheequationmaybeusedtoestimate
therelativeeffectoftemperatureonflamespeed(thermaltheory)
forhydrocarbonsburningwithair,providedthattherelationsbetween ,
thephysicalpropertiesandthetemperatureforthemixtureare
reasonab~nearthoseforair.

A dtffusionmechanismofflamepropagationuq alsobeca-
sideredforthepredictionoftheeffectoftemperatureonflame
speed.Formoistcarbcmmonoxide-a~ flames,theflamespeed
correlateswellwiththeequilibriumhydrogen-atomconcentration,
butnotwithhydroxyl-radicaloroxygen-atomconcentration(refer- ,
ences13and14).ThiscorrelationledTanfordandPeasetopropose

.

,
,-
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thattherateofdiffusianofhydrogenatomsupstreamoftheflame
frontdetermhestherateofflamepropa~tion.~s concept,
generalizedto
othersystems,
lawofburning

includeotherradi~s,&oh mightbeimpor%&for
isexpressedbywhathasbeencalledthesquare-root
velocity(reference14):

(4)

where

Bi

Di

%

L

Q

Q’

Pi

term near
.

1arisingfromradicalrecombination

coefficientofdiffusionofradicalintounburnedgas

rateconstantforitsinteractionwithcombustiblematerial

numberofmoleculesperuuitvolumeofgasatsomemean
temperature

molefraction

tiletraction

molefraction

Equation(4)isan

of

of

or

potentialcombustibleproductinunburned-s

couibustibleinunburned@S

partialpressureofgivenradicalinImrnedgas

approximatesolutionoftheexpressionobtainedfor—
therateofproductformation.

Ifa correlationexisi%betweentheflamespeedofa hydrocarbon-
airmtxtwreemditsequilibriumradicalconcentrations,therelative
effectofteinpentureonflamespeedcouldbeestimatedbythesquare-
rootlaw.H itisassumedthatonlyPi,Di~andL are
appreciablytemperaturedependent~thesquare-rootlawwillreduceto

(5)

.-

(Di~ Di,rToAO6“’,whereDi,ristherelativediffusioncoefficient

ofthegiven
whereTav=

radical withrespecttotheotherradicals;Lm Tav-A,

(To+Tf)/2=)

—.. .—.. ----- —.. - -——— -— .— -—. .—-— — —.. .- ——- ..— — ..-. —
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A comparisonofthe
flamespeedpredictedby

RACATN2170
. .

relativeeffectofinitialtemp~tureon
thereducedequations(3)and(5)is .

presentedinfigure3.-Theexpertmentiivalueof-1.54feetper
secondat85°3’wasusedasthebasisforcomputationofrelative
valuesathighertemperaturesbytheseexpressions.Forcm. !

putationoftheserelativevaluesforthecurvesinfigure3,the
followhlgvaluesanda~roximationswereused:

E = 68,000.(Btu/lb-mole) (reference“Xl.,p.437) ‘

ATf= 0.45ATO (fromtheoreticalflame-temperaturecal-
ctitions}-whereATf ischangeinflame
temperatureresultingfromchangein
initialtemperatureATO)

Tf~ 3960°R forTo~ 550°R (basedonsodiumD-line
measurement,reference15)

Theequilibriumpartialpressuresofhydrogenatoms~z hydroxyl
radi-s.pOH,andoxygenatomspo foramixturethatcontamed
4.2-percentpropanebyvolumewerecalculatedbythegraphicalmethod ●

ofrefer-ce16andarepresentedintableIIG Thedesiredvaluesfor
curvesAD andAE wereobtainedbylo~ithmicinterpolation ,
fromtibleII.CurveAD isbasedupcm

z ‘iDi,r=6.5~+P0H+p0
i

becausethediffusionrateforhydrogenatomsisroughly6.5times
that fcmtheotherradicals.Cu&e‘~ isbasedOn-tihydrogen-
atomconcen~tionaloneandfallsuponcurveAD withintieaccuracy
ofthecalculations.

Thecurvesinfigure3 showthattherelativeeffectoftem-
peratureonflamespeedpredictedbythethermaltheoryagrees
satisfactorilywithe~erimentalresults;whereasthatpredictedby
thed.iffusiantheoryisupto35percentlower.Theeffectsofusing
differentvaluesof Tf,.ATf,andE werecheckedandfouudtobe
asfollows:

(1)EmreasingTf fromthemeasuredtemperatureof3960°R to
thetheoreticaltemperatureof4300°R at To=550°R (reference2.5) ●

t
.
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resultedinpredictionsoftherelativeincreasesinflamespeed
at650°1?thatwere5percentlowforthethermaltheoryand35per-
centlowforthediffushutheory.

(2)US* ATf=0.50To ratherthan0.45To eve increases
at650°F thatwere12percent”high‘forthethermaltheoryand
32percentlowforthediffusiontheory.

(3)UsingE =45,000insteadof68,00QBtuperpound-mole
gaveanincreaseat650°F thatwas5percentlowforthethermal
theory.o

(4)Codblningsteps(1)aud(3)gaveanincreasethatwas
17percentlowforthethermaltheory.

IfthetermsBi inequaticm(4)weregreaterthan1 (refer-
ences13and14)Sthevaluesforthediffusion-theorycurvewould
lieevenlower.Boththeoriespredictthatflamespeedwillin=ease
withtemperatureatanincreasingrate.

Othercalculations,notgivenhere,indicatethatthedataof
reference4‘forpropane-airflamesatconoentrationenearstoichio-
metricwouldgivesitilarrelationsbetweenobservedvaluesand
valuespredictedbythetheoriesontherelativebasis.Datagiven
inreference2onnaturalgas-airflamesandacetylene-air
flamesalsoappeartobeinfairagreementwithrelativevalues
predictedbythethermaltheory,whereasrelativevaluespredicted
bythediffusiontheoryarelower.

Thesquare-rootlawdoesnotappeartopredicttheexperimental
resultsforthesehydrocarbonairflamesaswellasthethermaltheay,
does,butitdoesnotnecessarilyfollowthatthediffusionofactive
radicalsisuniurportant~nordoesitmean.thatsomeotherrelaticm
wsedondiffusionmightnotpredictthee~erimentalresults.The
calculatedequilibriumradical.concentrationswouldnotcorrespond
tothe-e radicalconcentrationsif(a)equilibriumisnotattained,
(b)~ apweckblereactiontakesplaceattheinitial.temperature,
cm(c)thereisa largechain-branchingtermaffectingtheradical
distributioninandahead.oftheflamezone(reference14).

suMMARYaE’13Esum8

Aninvestigationoftheeffectofhitialmixturetemperature
onflamespeedsinthelaminar-flowregionendcmbluw-offlitits

,.

. . . -. —.. .—--— —-- .. ..— _- .-_. ._ . - .- —.
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inboth the lmdnar-andturlmlent-fbwregbns forBunsentype
flamesofpropaneandairgavethefollowingresults: n

1. Theflamespeedofpropane-airmixturesincreasedfrom
1.54feetpersecondat85°F to5.25feetpersecondat650°F. y
Therateofincreaseofflamespeedincreasedwithtemperature.
Theresultswereindependentoftubediameterfrcnn3/8to7/8inch
andReynoldsnumberfrom1500to2100..

2.Approximatecalculationsindicatedthatboththethermal
theoryaspresentedbySemenuv(fa bimolecularreacticms)and
thediffusion-theoryofTanfordandPeasepredictthatflauespeed
willincreasewithtemperatureatanincreasingrate.Relative
increasesinflamespeedpredictedbythethermsltheorywerein
satisfactoryagreementwithexperimentalresults,whereasthose
predictedbythesquare-rootlaw(diffusiontheory)wereasmuch
as35percentloweratthehightemperatures.Thesquare-rootlaw
yieldedapproximatelythesameresultswhetherbasOdonthe
hydrogen-atomconcenlnxrtionaloneoronthesummationofthe
effectiverelativeconcentrationsofhydrogenatoms,hyhoxyl
radicals,andoxygenatoms●

.
3. Thevelocitygradientatthetubewdl forblow-off

increasedwithficreasingtemperature(increasingflamespeed.)for
a givenfuel-airmixture. *

Lewis F1.lghtPropulsion lfmoratory,
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TABIEI-COMMIUSONOFFLAME-SPEED

g

OBTAINEDWITHVARIOllBTUREDIAMWERS

Elitial.
temperature

(~) -

90

300

Tube
diameter
(in.)

3/8
5/8
7/8
3/8
5/8
“7/8

=s=’.
M3xhuUm

flameageed
(ltmli&us

(ft/8ec)

1*25
1.28
1.28
2.26
2.23
~.33 “
2.72
2.68
2.72

TABIEII—PARTIAL~ OFACTIVE

RADICAISMl!TEERMALEQ~

Tempwature
{%) %

I

Pm P()
(atmx103)(ataux103) (atix 103)

3960 0:43 1.62 0.087
4140 .77 2.9 .25
4320 1.35 5.2 .70
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Figure2. - Flamespeedas functionof percentagepropaneby volume
at varioustemperatures.‘Stainless-”steel-tubediameter,
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1 I (in.)

—.

I

Streamveloc%ty,ft\sec
(a) Effectof streamveloci~ on percentageof propaneat blow-off.

Figure4. - Blow-offof. propane-airflamesatvarioustemperatures.
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(b) Efieotof wall-velooity,~radienton percentageof propaneat blow-off.

Figure 4. - Concluded. Blow-off’of propane-air f’lamesat varloua tempera~es.
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